In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
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RESEARCH PAPER
Hydroponics versus field lysimeter studies of urea, ammonium, and nitrate uptake by oilseed rape (Brassica napus L.) Mustapha ) and as urea [CO(NH 2 ) 2 ] or in combined forms, and their effectiveness is influenced by the ion exchange principles. Because of its positive charge, NH 4 + is adsorbed by negatively charged soil colloids and are thus protected from leaching, whereas the negatively charged NO 3 -is subject to leaching (Hofman and Van Cleemput, 2004) . However, depending on many factors, such as soil characteristics, climatic factors, crop type, and fertilization management, the N-use efficiency of plants is generally low (Malhi and Nyborg, 1991; Malhi et al., 2001) .
Urea is the main N fertilizer used in agriculture throughout the world, accounting for about 50% of the total world N fertilizer consumption (http://faostat.fao.org). Its consumption has increased substantially because of its low manufacturing cost and its high nitrogen content (46%). However, after its hydrolysis by urease, a common enzyme in soil, the efficiency of urea can decrease significantly due to losses of N as ammonia gas (NH 3 ), which may account for as much as 50% of the N applied (Terman, 1979) . Thereafter, NH 3 lost to the atmosphere will be deposited on land or water causing eutrophication and acidification of natural ecosystems (Sommer and Hutchings, 2001) . The extent of ammonia volatilization can be affected by pH, temperature, organic mater, the availability of water, and the form in which urea is applied (Vlek and Carter, 1983) . Moreover, the urea hydrolysis reaction leads to an increase in soil pH and to the accumulation of ammonium and nitrite, especially in alkaline sandy soils and with urea surface application (Trenkel, 2010) . Nitrite accumulation could be toxic for germinating seeds and seedlings, and it could also favour gaseous N losses by denitrification (Bremner and Chai, 1989) . To reduce ammonia volatilization and the adverse effect of urea hydrolysis, many compounds have been tested for their ability to inhibit urease activity (Trenkel, 2010) . The use of urease inhibitors, which delay the rate at which urea is hydrolysed and converted to ammonium, may reduce the problems associated with the use of urea-based fertilizer (Gill et al., 1997) . By slowing down urea hydrolysis, atmospheric volatilization of ammonia, as well as further losses from nitrate leaching, are either reduced or avoided. It also allows more time for plant N uptake.
Amongst the inhibitors tested, N-(n-butyl)thiophosphoric triamide (NBPT, sold as Agrotain ® , Agrotain International) was found to be one of the most effective (Sanz-Cobena et al., 2008; Trenkel, 2010) . It has consistently demonstrated its effectiveness at low concentrations, and inhibits the activity of the urease enzyme in a wide variety of soils Antisari et al., 1996; Gill et al., 1997; Trenkel, 2010) . Its effect on urease activity is associated with the activity of its derivative, the oxygen analogue, N-(n-butyl) phosphoric triamide (Phongpan et al., 1995) . Studies on soil incubation show that the effect of NBPT on lowering ammonia volatilization was greatest in soils with a high pH and a low buffering capacity (Watson et al., 1994) . In addition, compared with urea without inhibitor, there are decreases in nitrogen losses and reduced toxicity from ammonia resulting in larger yields and better crop quality when NBPT is applied to the soil together with urea fertilizer (Trenkel, 2010) .
The use of a urease inhibitor implies that a significant soil concentration of stable urea and ammonium, as well as new mixed N forms such us NH 4 + -NO 3 -(AN) and NO 3 -urea (NU) are available for plants besides NO 3 -, which is the main N form present in cultivated soil (Marschner, 1995) . All plants are able to take up either nitrate, ammonium or urea as a nitrogen source, and possess dedicated transmembrane transport systems in root cells for each form of nitrogen (Forde, 2000; . Recently, AtDUR3 was demonstrated to serve as a major high affinity transporter for urea uptake by N-deficient roots of Arabidopsis (Kojima et al., 2007) , suggesting that urea transport activity of AtDUR3 is of physiological significance in higher plants. Ammonium uptake is mediated by transport systems that have been isolated and partially characterized in several plant species, such as Arabidopsis thaliana (AtAMT1. 1, AtAMT1.2, AtAMT1.3, and AtAMT2; Ninnemann et al., 1994; Gazzarrini et al., 1999; Sohlenkamp et al., 2000; Kaiser et al., 2002) and Brassica napus (BnAMT1.2; Pearson et al., 2002) . Two gene families, namely NRT1 and NRT2, have been identified in nitrate acquisition by plants (Forde, 2000) . In Arabidopsis thaliana, AtNRT1.1 and AtNRT1.2 were characterized as low-affinity nitrate transporters with constitutive expression and were considered to belong to the NO 3 -LATS (Low Affinity Transport System; Crawford and Glass, 1998) , while the NRT2.1 gene was shown to encode a major component of the NO 3 -HATS (High Affinity Transport System; Cerezo et al., 2001) . Recently, it has been shown that NRT1.1 is involved in the signalling pathway responsible for the stimulation of lateral root growth and that it facilitates the uptake of auxin (Krouk et al., 2010) .
It has been established that the efficiency of urea as a source of N seems to be lower than that of NO 3 -and NA (Tan et al., 2000; Houdusse et al., 2005; Mérigout et al., 2008) . NH 4 + nutrition usually has deleterious effects on plant growth and can result in toxicity symptoms in many plants (Britto and Kronzucker, 2002) . Therefore, NH 4 + must be rapidly assimilated. It is widely accepted that the glutamine synthetase (GS)-glutamate synthase (GOGAT) cycle is the main pathway of NH 4 + assimilation (Lea and Miflin, 1974) . However, glutamate dehydrogenase (GDH) may play a complementary role to GS/GOGAT in the reassimilation of ammonium during stress conditions or during specific stages of development (Yamaya et al., 1986; Rhodes et al., 1989; Terce-Laforgue et al., 2004) . Experiments conducted in controlled conditions have shown that urea nutrition can also cause negative effects on wheat development, but less intensely than those associated with NH 4 + nutrition (Houdusse et al., 2005; Garnica et al., 2009) . However, several authors have demonstrated that the negative effects associated with ammonium and urea nutrition are corrected by the supply of nitrate in the nutrient solution (Britto and Kronzucker, 2002; Cruz et al., 2003; Houdusse et al., 2005; Garnica et al., 2009) . Physiological and molecular processes underlying this beneficial effect are only partially understood.
The influences of both the urease inhibitor and the type of fertilizer on yield and N uptake described above indicate that these two parameters could influence N use efficiency as well as the N management of agricultural systems, and are potentially of importance from the perspectives of pollution, cost, and plant productivity. In this respect, oilseed rape (Brassica napus L.), which is the dominant oilseed crop in northern Europe, requires high amounts of nitrogen (N) but is characterized by low real harvested N-fertilizer use efficiency. It is considered a nitrophilic crop, and receives a large amount of N fertilizer. Also, through a European Directive (2001/81/EC) and the Gothenburg Protocol, France has committed to a reduction in ammonia emissions. Therefore, there is a strong need to review all the relevant information on the N metabolism of oilseed rape to improve the efficiency of its production and reduce its environmental impact.
The aims of this work were firstly to investigate, on undisturbed soil lysimeters, the effect of different types of nitrogen fertilizers on crop yield of spring oilseed rape (Brassica napus L.) and their impacts on the environment. Assessment of NH 3 volatilization was determined by 15 N balance. This would allow a clearer assessment of the significance of urea fertilization combined or not combined with the urease inhibitor, NBPT, compared with a commonly used fertilizer such as ammonium nitrate. In addition to field studies, the effects of mixed feeding (AN and NU) on the main nitrate (NRT1.1 and NRT2.1), ammonium (AMT1.1), and urea (DUR3) transporters compared with nitrate, urea, and ammonium as the sole nitrogen source was studied at the physiological and molecular levels by the use of 15 N labelling and qPCR expression analysis of BnNRTt1. 1, BnNRT2.1, BnDUR3, BnAMT1.1, and BnGDH2 . Moreover, experiments on the possible role of nitrate as a signal responsible for growth were undertaken. One of the aims of the laboratory experiments was to identify the mechanisms responsible for the patterns of N uptake observed in the field.
Materials and methods

Site and lysimeter description
The lysimeter system is located in Lieury l'Oudon, in the North of France (00°00'34.3'' W, 48°59'24.2''N). It is composed of 15 lysimeter boxes, each composed of polyester resin with an area of 2 m 2 and a depth of 110 cm containing a 10 cm thick base of fine stone for drainage. Each lysimeter box is connected to a bucket collecting water percolation through a PVC tube. All buckets are located in a concrete tunnel below the boxes.
Soil and crop culture
The soil in the lysimeter boxes is a Calcaric Cambisol (World Reference Base for soil resources, 2006), with a fertile surface layer in terms of organic matter (6.3% in 0-20 cm), a relatively basic pH, and a high content of calcium carbonate increasing with depth (Table 1) .
A spring oilseed rape crop (Brassica napus L. 'Seven') was sown on 9 March 2011 at a density of 100-120 seeds m -2 , which was then controlled throughout the crop cycle (from plant emergence to harvest), to obtain a plant density of between 77-81 plants m -2 . The monthly water input, including rainfall and irrigation, and the monthly average temperature are shown in Fig. 1 +NBPT (Urea+N-(n-butyl) thiophosphoric triamide, U+NBPT), and a control (treatment without fertilizer). Fertilizers were applied 1 month after sowing (in the middle of April) at the GS 1.4 stage of development, and at a rate of 100 kg N ha -1 . To facilitate the uniformity of application, fertilizer was dissolved in deionized water and spread with a watering can. After application, leaves were rinsed with deionized water to prevent burns. At harvest, on 10 August, plants were collected, weighed (fresh weight, FW), and subdivided according to their component parts (seeds, senescent leaves, stems, and tap roots) and dried (dry weight, DW). Weeds and senescent leaves were also collected during the developmental cycle, weighed (FW), and dried (DW). For soil analysis, five cores per lysimeter were obtained down to 0.85 m. After drying at 60 °C, samples were weighed and ground to a fine powder with inox beads of 0.4 mm diameter in an oscillating grinder (mixer mill MM301; Retsch) before isotope analysis.
Plant material for laboratory experiments
Seeds of Brassica napus L. were surface-sterilized by exposure to 80% ethanol for 30 s followed by 20% sodium hypochlorite for 10 min. After 10 washes with demineralized water, seeds were germinated on perlite over deionized water for 2 d in darkness. Next, plants were grown in the greenhouse. Just after the first leaf emergence, seedlings were transferred for 1 week to a plastic tank (20 l) . The thermoperiod was 20 °C (day) and 17 °C (night), and the nutrient solution was renewed every 2 d.
After different durations of treatment (0, 24, 72 h, and 15 d), plants were harvested and separated into shoot and root samples. They were then weighed (FW), frozen in liquid nitrogen, and stored at -80 °C for further analysis. An aliquot of each tissue was weighed and dried (60 °C) in a drying oven for dry weight (DW) determination and ground to a fine powder with 0.4 mm diameter inox beads in an oscillating grinder (mixer mill MM301; Retsch) before isotope analysis. 
RNA isolation and quantitative RT-PCR analysis
Total RNA was extracted from 200-400 mg of fresh root and shoot matter corresponding to three sets of seedlings for each treatment. ) and 1 ml of 96% ethanol were added to precipitate the total RNA for 1 h at -80 °C. After centrifugation (15 000 g, 20 min, 4 °C), the pellet was washed with 1 ml of 70% ethanol, then centrifuged at 15 000 g for 5 min at 4 °C. The resulting pellet was dried for 5 min at room temperature and re-suspended in sterile water containing 0.1% SDS and 20 mM EDTA. Quantification of total RNA was performed with a spectrophotometer at 260 nm (BioPhotometer Eppendorf, France) before RT-PCR analysis. For RT, 1 µg of total RNA was converted to cDNA with an iScript cDNA synthesis kit using the manufacturer's protocol (Bio-Rad). The genes and specific primers selected for the analysis were as follows: EF1 [Forward (F), 5'-tttcgagggtgacaacatga; Reverse (R), 5'-ccgttccaataccaccaatc); and 18S (F, 5'-cggataaccgtagtaattctag; R, 5'-gtactcattccaattaccagac); as housekeeping genes. BnNrt2.1 (F, 5'-tggtggaataggcggctcgagttg; R, 5'-gtatacgttttgggtcattgccat); BnNrt1.1 (F, 5'-atggtaaccgaagtgccttg; R, 5'-tgattccagctgttgaagc); BnDUR3 (F, 5'-gacgacgagggaaatcaaag; R, 5'-atgacaacaatgaggagagtgaa); and BnGDH2 (F, 5'-ctcgtgacttgagcttgagc; R, 5'-caggggaatgaccatgaaac); as target genes.
The subsequent PCR reactions were performed with 4 µl of cDNA diluted ×200, 500 nM of the primers, and 1× SYBR Green PCR Master Mix (Bio-Rad) in a total volume of 15 µl. The specificity of PCR amplification was examined by monitoring the melting curves after quantitative PCR reactions using the Chromo4 system (Bio-Rad, France) and by sequencing the quantitative PCR product to confirm that the correct amplicons were produced from each pair of primers (Biofidal, France). For each sample, the subsequent Q-PCR reactions were performed in triplicate and the relative expression of the target gene in each sample was compared with the control sample (corresponding to control plants at T=0) and was determined with the delta-delta Ct method using the following equation:
, with ΔCt=Ct target gene -Ct housekeeping gene (for calculations, we considered the geometric mean between Ct of the two housekeeping genes), where Ct refers to the threshold cycle determined for each gene in the exponential phase of PCR amplification. Using this analysis method, the relative expression of the target gene in the control sample was equal to one (2 0 ), by definition (Livak and Schmittgen, 2001) .
Data and statistical analysis
All experiments were performed with three replicates. For the laboratory experiments, each replicate contained 32 seedlings. The resulting variation in the measurements was expressed as the mean ±S.D. for n=3. A statistical analysis was performed using the Student test (P=0.05).
For qPCR analysis, the normality of the data was studied with the Ryan-Joiner test at 95%. Analysis of variance (ANOVA) and the Tukey test to compare the means were performed using MINITAB13 for Windows (Minitab Inc, State College, PA, USA). When the normality law of the data was not respected, the non-parametric test of Kruskal-Wallis was carried out. Statistical significance was postulated at P <0.05.
Results
Fertilizer net uptake and N partitioning under lysimeter conditions
Environmental conditions
Monthly air temperature at the experimental site varied from 7.6 °C in March to 17.6 °C in August (Fig. 1) . Cumulative water input, including rainfall and irrigation, was 24 mm at the beginning of the experiment, and reached 71.1, 58.3, and 89.3 mm during May, June, and July, respectively. The highest rate of rainfall was recorded at the end of the experiment (August) with 116.4 mm (Fig. 1) . During the spring and summer periods, the irrigation and rainfall inputs were mostly lost to the atmosphere as evapotranspiration, and no leaching occurred during this period.
Yield and fertilizer use efficiency (FUE)
A lysimeter device was used to investigate the effect of different types of nitrogen fertilizer and to assess the significance of urea fertilization combined or not combined with the urease inhibitor on yield of oilseed rape (Brassica napus L.), N uptake, and their impact on the environment. Results of crop yield, expressed in tonnes per hectare, revealed highly significant differences between control (without N fertilizer) and other treatments [Urea, U; Urea+N-(n-butyl) thiophosphoric triamide, U+NBPT; Ammonium Sulphate, AS, and Ammonium Nitrate, AN; Fig. 2A ]. Compared with the control, fertilized plants were characterized by a 35% increase in yield (from 1.72 ± 0.04 to 2.31 tonnes ha -1 on average; Fig. 2A ). Results also show that the type of nitrogen fertilizer applied to plants has no effect on yield since the final crop yield did not change (2.31 tonnes ha -1 on average), whatever the fertilizer treatments. However, fertilizer use efficiency (FUE), which measures the efficiency of nitrogen uptake by plants from fertilizer, varied depending on the fertilizer provided (Fig. 2B) . In fact, AS treatment has the lowest FUE (29%), while U+NBPT treatment showed the highest FUE (46%). U and AN treatments had a FUE of 37% and 41%, respectively (Fig. 2B) . Furthermore, compared with the urea fertilizer, an increase of 24% in FUE was observed when the urease inhibitor was combined with urea (U+NBPT treatment).
Partitioning of N following uptake
By labelling fertilizers with 15 N it was possible to quantify N distribution in each organ compartment (Fig. 3A) , accumulated N uptake, and allocation to each plant part (Fig. 3B) ,  Fig. 3A) . The amounts of 15 N in the plant organ compartments were also increased compared with AS when plants were fertilized with ammonium nitrate (AN), with a nitrogen content of 40.86±4.04 kg 15 N ha -1 . Nitrogen losses by volatilization were assessed using the 15 N balance in the absence of any leaching. The results showed that, compared with U, AS, and AN treatments, the application of the urease inhibitor, NBPT, with the urea fertilizer substantially reduced the losses of nitrogen by volatilization (Fig. 3B) . In fact, with NBPT, losses were reduced by 68% when compared with the U treatment (from 25.60±6.94 to 8.07 ± 1.89 kg , respectively), while this parameter was the lowest in AS fertilized plants (Fig. 3B) .
The quantification of labelled N into each organ revealed that the distribution of nitrogen in the plant varies with the type of fertilizer. Overall, most of the 15 N was allocated to the seeds, while the tap root, stems, and senescent leaves had the lowest 15 N content (Fig. 3B) Fig. 3B ). The results also showed that 15 N content decreased significantly in stems (-30%) and senescent leaves (-36%) of plants amended with ammonium sulphate (AS), compared with those that received urea as fertilizer. Furthermore, compared with the same treatment (U), stem and senescent leaf-15 N content increased in U+NBPT and AN-treated plants. However, this increase was higher with the U+NBPT treatment (+29% for stem and senescent leaves, from 2.56±0.13 to 3.32 ± 0.11 kg 15 N ha -1 and from 3.58±0.48 to 4.63 ± 0.24 kg 15 N ha -1 , respectively). Similar trends were found in seeds, with a significant increase in 15 N content in the U+NBPT-treated plants (+22%, from 28.05±2.09 to 34.42 ± 2.91 kg 15 N ha--1 ), and a general decrease in the AS (-18%) and AN (-4%)-treated plants (Fig. 3B) . Taken together, these results show that with a lower N availability resulting from higher volatilization (AS treatment), a similar seed yield was achieved by a better mobilization of N from senescing leaves, stems and taproots to the seeds. This increased mobilization of nitrogen under ammonium nutrition can be also substantiated by the fact that only 7.7% of 15 N taken-up remained in leaves versus more than 10.4% in U+NBPT-treated plants. In addition, ammonium supply may have resulted in higher N mineralization, making more unlabelled N available for root uptake. This hypothesis cannot be ruled out.
Nitrate, ammonium, and urea net uptake under controlled conditions
Dry matter and N content
In order to study the mechanisms of nitrate's beneficial effect, rapeseed seedlings were grown with diluted Hoagland solution without nitrogen for 1 week, and then supplied (T=0) with different nitrogen compounds in sole (Urea, U; Ammonium Sulphate, AS, and Nitrate) or mixed forms: Ammonium-Nitrate (AN) and Nitrate-Urea (NU) for 24 h, 72 h and 15 d. Urea analysis of the nutrient solution was regularly performed to check that no significant hydrolysis occurred. Plant growth (i.e. dry matter production) was not significantly affected during the first 24 h and 72 h of treatment (data not shown). After 15 d of treatment, the analysis of the accumulated dry biomass revealed highly significant differences (Fig. 4A) . Compared with nitrate-fed plants, plants treated with ammonium (AS) were characterized by a 50% decrease in shoot and root dry weights after 2 weeks (from 1.37 ± 0.12 to 0.68 ± 0.03 g DW.plant -1 ). This effect was more pronounced when plants were treated with urea (U) and symptoms of N starvation appeared. In fact, the growth was reduced by 75% when urea was supplied as a sole N source (from 1.37 ± 0.12 to 0.35 ± 0.01 g DW plant -1 ). The results also showed that the addition of nitrate to urea (NU) or ammonium (AN) fed plants significantly reduced this negative effect compared with the provision of either N source alone, since plant dry weights were similar to those of nitrate fed plants (Fig. 4A) .
This difference in growth might reflect differences in N uptake related to N nutrition. The cumulative N uptake was followed by the use of 15 N labelling ( Fig. 4B) Fig. 4C ]. The results revealed the lower capacity of oilseed rape to take up urea (U) when the medium was supplied with this element as the sole N source. Indeed, the cumulative N uptake was about 12-fold lower than for nitrate treatment (from 50.31 ± 2.82 to 4.27 ± 0.24 mg 15 N plant -1 ; Fig. 4B ). Also, regarding AS, its uptake by plants was about 1.5-fold lower than nitrate. Compared with nitrate-fed plants, those treated with NU or AN, were also characterized by a 22% decrease in 15 N content. However, nitrate seems to be preferentially taken up by plants (Fig. 4C) (Fig. 4C) , 45.5% and 54.4% of the total 15 N was provided by ammonium (17.81 ± 1.82 mg 15 N plant -1 ) and nitrate (21.32 ± 1.42 mg 15 N plant -1 ). Furthermore, urea and ammonium uptake were reduced by 45% (from 32.43 ± 3.13 to 17.81 ± 1.82 mg 15 N plant -1 ) and 21% (from 4.27 ± 0.24 to 3.36 ± 0.19 mg 15 N plant -1 ), respectively, by the presence of nitrate, whose uptake was itself inhibited by 32% in the presence of urea or ammonium (Fig. 4B, 4C) .
Uptake rate and analysis of BnNRT1.1, BnNRT2.1, BnAMT1.1, and BnDUR3 transcript levels
In order to characterize better urea, ammonium, and nitrate transport in plants, the uptake rate was analysed (Fig. 5A ) and the relative expression of the genes encoding the urea (BnDUR3), ammonium (BnAMT1.1), and nitrate (BnNRT1.1 and BnNRT2.1) transporters was quantified by qPCR analysis in the roots after 24 h and 72h of treatment ( Fig. 5B-E) .
The net uptake rate by roots supplied with urea remained very low throughout the experiment, reaching 0.09 µg 15 N h -1 mg -1 root DW after 24 h of treatment, and then decreasing to 0.06 µg 15 N h -1 mg -1 root DW after 72 h (Fig. 5A ). Net uptake rates of roots uniformly supplied with NU, AN or nitrate followed the same pattern with time, but during an induction period (24 h) the uptake rate reached 2.98, 3.31, and 3.29 µg 15 N h -1 mg -1 root DW, respectively, and was then slightly down-regulated during the following 48 h to 2.31, 2.50, and 2.80 µg 15 N h -1 mg -1 root DW, respectively. No significant differences were found between the AN treatment and Nitrate fed plants (Fig. 5A) . A general increase in uptake rate as a function of time, which was slower . Fertilizers were applied as Ammonium Nitrate (AN), Ammonium Sulphate (AS), Urea (U), Urea+N-(n-butyl) thiophosphoric triamide (U+NBPT), and a control (treatment without fertilizer). Data represent mean ±standard deviation (n=3). Asterisks represent significant differences from the control at *P <0.05 or **P <0.01.
than NU, AN, and Nitrate, was observed in AS-fed plants, suggesting a lack of down-regulation of ammonium uptake. The relative expression of the BnNRT1.1 (Fig. 5B) and BnNRT2.1 genes (Fig. 5C ) was closely related to uptake rates. Indeed, compared with plants grown for 1 week without N (T=0), the results showed a significantly higher expression of BnNRT1.1 (10-16 fold) in the presence of NU, AS, AN, and Nitrate after 24 h of treatment, while no change in the relative expression was observed for urea (U)-treated plants (Fig. 5B) . After 72 h of treatment, BnNRT1.1 expression followed a similar pattern whatever the treatment. The expression of the BnNRT2.1 gene was induced only when nitrate was provided, i.e. in roots of NU (4.5-fold)-and Nitrate (3-fold)-treated plants (Fig. 5C ). The same trend was found at 72 h, but with lower levels of expression suggesting a down-regulation mostly for AN-treated plants. In the presence of U, AS, and AN, BnNRT2.1 gene expression was maintained in a low steady-state of repression.
Regarding ammonium transporters, the results showed a strong down regulation (by 5-fold) of BnAMT1.1 after 24 h and 72 h, whatever the treatment (Fig. 5D) . However, the level of repression was lower after 72 h of treatment, except for the AN treatment. BnDUR3 gene expression was maintained at a significantly higher level in roots of U-fed plants, after 24 h and 72 h of treatment, while it was significantly repressed in the presence of NU, AS, AN, and Nitrate in the growth medium (Fig. 5E ).
Ammonium assimilation: analysis of BnGDH2 transcript levels
The expression in shoots and roots of BnGDH2 was followed after 15 d of treatment (Fig. 6A, 6B ) as no significant levels of expression were found between treatments at 24 h and 72 h (data not shown). In comparison to plants grown for 1 week without N (T=0) or those grown with urea (U), the results showed a slight induction of BnGDH2 in shoots (2.8-fold) and roots (4-fold) of NU-fed plants, while it was strongly induced by AS treatment (6-fold and 30-fold, respectively; Fig. 6A, 6B) . A supply in the growth medium of AN or Nitrate has no significant effect on the expression of BnGDH2 in roots (Fig. 6B) ; despite a slight upregulation in shoots (Fig. 6A) . However, no significant differences were observed between the two treatments.
A signalling role for nitrate: effect of nitrate pulses on urea and ammonium uptake
To investigate the possible role of nitrate as a signal and its effect on urea or ammonium uptake, rapeseed seedlings were supplied (at T=0), with U or AS for 24 h and 72 h. A pulse of 150 nM nitrate (KNO 3 ) was added to the nutrient solution every 6 h for the duration of the experiment. The cumulative 15 N-U and AS uptake was not affected by the nitrate pulse, nor was it affected at 24 h or 72 h of treatment (Fig. 7A, 7B) . However, compared with the plants at t 0 (T=0), pulsing U and AS-plants with nitrate strongly induced the root BnNRT1.1 and BnNRT2.1 genes (Fig. 7C, 7D) . Indeed, after 24 h of treatment, exposures of U and AS-plants to the nitrate pulse induced 10-fold and 15-fold increases in BnNRT1.1, respectively, and 3-fold increases in BnNRT2.1. After 72 h of treatment, the relative expression of BnNRT1.1 increased 23-fold in pulsed AS-plants (Fig. 7C) , whereas pulsed U-plants increased expression of BnNRT2.1 1.6-fold at the same time (Fig. 7D) . The results also showed that the BnDUR3 gene appears to be sensitive to the nitrate signal (Fig. 7E) . By comparison, exposing U-plants to a nitrate pulse (U+150 nM nitrate) results in a down-regulation of BnDUR3 by 3.5-fold and 1.4-fold after 24 h and 72 h of treatment, respectively, whereas AS and pulsed AS-plants maintained BnDUR3 expression in a state of repression throughout the duration of the experiment (Fig. 7E) . BnAMT1.1 was mostly up-regulated in the starved plants (t 0 ), and then repressed after exposure to the different treatments. However, a nitrate pulse had no effect on BnAMT1.1 gene expression whether plants were grown on U or AS (Fig. 7F) . Asterisks represent significant differences from the control at *P <0.05, **P <0.01, ***P <0.001 or ns=non significant.
Discussion
The use of N fertilizers is essential to keep and/or increase the productivity of cultivated plants. However, excessive N-fertilization may potentially lead to N-losses, and subsequently, lead to economic and environmental impacts. Therefore, to sustain crop production, the fertilizer industry faces a continuing challenge to improve its products, particularly of nitrogenous fertilizers, and to minimize any possible adverse environmental impact. This study aims to highlight the effect of different forms of mineral-fertilizer (urea versus ammonium versus nitrate) and of the use of urease (AN) . Data represent mean ±standard deviation (n=3) with a bulk of 32 seedlings. Asterisks represent significant differences from the control at *P <0.05, **P <0.01, ***P <0.001 or ns=not significant. Different superscript letters indicate significant (P <0.05) differences between treatments within each period of treatment.
inhibitor, on the physiological efficiency of N, considering specific preferences for certain forms of N, and on the avoidance of N-losses caused by specific N-forms. Experiments were conducted in the field (using lysimeters), to provide information on agronomic aspects and performance of N-fertilization, and laboratory conditions, to identify physiological and molecular mechanisms involved in the nitrogen uptake processes.
Yield, N uptake and its distribution in plant organs
Plants grown without fertilizer supplementation were characterized by a low yield (-35%) compared with those receiving fertilizers ( Fig. 2A) . Furthermore, the final yield of 2.3 tonnes ha -1 was recorded whatever the N-form of fertilizers. In Europe, the average seed yield of winter oilseed rape is expected to be between 3 and 4 tonnes ha -1 (Rathke et al., 2006) . Hence, the low yields obtained in our experiments are not unusual and may be related to the type of cultivar used (spring oilseed rape), which, compared with winter oilseed rape, shows differences in growth and development. Our results further showed that Fertilizer Use Efficiency (FUE) varies with the nitrogen form (Fig. 2B) , and this is closely correlated with N uptake, its partitioning within the plant (Fig. 3A, B) and risk of N volatilization. Urea combined with a urease inhibitor (U+NBPT) shows the best N use efficiency by the plant (46%; Fig. 2B ), and it is of interest to note that under the effect of the urease inhibitor, a higher proportion of 15 N remained in the soil when plants have been harvested (45.4% compared with 36.6% in the absence of inhibitor; Fig. 3A ) which correspond to a more effective immobilization of applied N-fertilizer. Therefore, this could explain the better Fig. 7 . N-urea (A) and N-ammonium (B) uptake, and relative expression of BnNRT1.1 (C), BnNRT2.1 (D), BnDUR3 (E), and BnAMT1.1 (F) in the presence of a pulse of 150 nM nitrate (KNO 3 ). Plants were cultured hydroponically for 1 week with continuous supply of a nitrogen-deficient solution (T=0). Rapeseed plants were then transferred for 24 h and 72 h to different treatments: Urea (U) or Ammonium Sulphate (AS). A pulse of nitrate was added to the nutrient solution every 6 h for the duration of the experiment. Data represent mean ±standard deviation (n=3) with a bulk of 32 seedlings. Different superscript letters indicate significant (P <0.05) differences between treatments within each period of treatment.
nitrogen uptake (44.9%; in contrast to 36.4% in the absence of inhibitor, Fig. 3A ) and the better seed filling (+ 22%, compared with urea treatment, Fig. 3B ). These findings support earlier reports of Basten et al. (2005) , which showed an increase of N use efficiency (+7%) of urea+NBPT compared with urea without inhibitor. However, mobilization of N from stems and senescing leaves was lower compared with the urea and AS treatments (Fig. 3B) . Indeed, as a result of a lower N availability due to higher volatilization (Fig. 3A) , AS treatment was characterized by a lower FUE (29%; Fig. 2B ) and hence better mobilization of N from senescing leaves, stems, and taproots to the seeds (Fig. 3B) , to achieve a similar seed yield. Thus, AS is not an optimal fertilizer in terms of plant N nutrition when compared with AN, U alone, or combined with the urease inhibitor (U+NBPT). Moreover, it is widely accepted that a combination of nitrate and ammonium (AN treatment) represents the optimum in plant N nutrition and growth (Bloom et al., 1993; Trenkel, 2010) . Nitrate promotes organ elongation more than ammonium because of the higher accumulation of osmotic substances and by stimulating cytokinin production (Sakakibara, 2003) , whereas ammonium nutrition increases the number of yield components of several crop plants, especially cereals (Camberato and Bock, 1990; Gerendás and Sattelmacher, 1990) . On the other hand, considering the potential benefits of urea as a fertilizer (in cost and high N content: 46% N versus 34% for AN) and according to our results, the use of urease inhibitor added to urea may be an interesting option for oilseed rape production.
N losses and effect of NBPT
Besides the higher FUE and better N recovery of plants, the use of urea as an N-source combined with the urease inhibitor prevented N losses by emission of ammonia (NH 3 ) or dinitrogen oxide (Fig. 3A) . It is generally accepted that NH 3 volatilization problems result largely from the rapid enzymatic hydrolysis of urea to ammonium carbonate by soil urease (Harrison and Webb, 2001) . While these losses may reach 50% of the applied-N (Terman, 1979) , our results shows that NBPT significantly reduces (by 68%) the losses of N by volatilization (Fig. 3A) , and are in agreement with those observed by Grant et al. (1996) and Sanz-Cobena et al. (2008) , who reported a reduction of 36% and 42% in the emitted NH 3 , respectively. This reduction was associated with the slowdown in urease activity, promoting a decrease of NH 4 + availability (Sanz-Cobena et al., 2008) . Expressed as a percentage of the N applied, other authors observed, under laboratory conditions, that a reduction in losses can range from 22%, 39% to 51% after fertilizing with a mixture of urea and NBPT Christianson et al., 1990; Antisari et al., 1996) . Surprisingly, N-losses with AN treatment are also high (23%), whereas, almost half of the N applied is lost to the atmosphere (44%) when AS was supplied as fertilizer (Fig. 3A) . After surface application, NH 4 + reaches equilibrium with the dissolved NH 3 near the soil surface, increasing the likelihood of gaseous NH 3 losses to the atmosphere, particularly when soil pH is high (Table 1; Zhengping et al., 1991; Zaman et al., 2008) . N-losses as dinitrogen oxide (N 2 O) should not be excluded. Zaman et al. (2008) reported that larger amounts of N 2 O may be emitted from NH 4 + and NO 3 -, as a result of nitrification and denitrification, along with the high moisture content (Fig. 1) .
Overall, a substantial reduction in N-losses was achieved by NBPT-treated urea. This result suggests that the uses of the urease inhibitor could be environmentally and economically useful amendments to urea-based fertilizers.
Net nitrate, ammonium, and urea uptake under controlled conditions and the effect of urea and ammonium on growth
Our results showed that strict ammonium (AS treatment) and urea (U treatment) causes a decrease (50% and 75%, respectively) in oilseed rape growth when compared with strict nitrate nutrition, after 15 d from the onset of the treatments (Fig. 4A) . These results were in agreement with those reported by other authors in various plant species (Bradley et al., 1989; Tan et al., 2000; Houdusse et al., 2005; Merigout et al., 2008; Garnica et al., 2009) . Furthermore, this negative effect was correlated with a reduced capacity for ammonium and urea uptake by plants respectively; Fig. 4B) . Hence, it appears that the deleterious effects on growth associated with urea may differ, at a physiological level, from those associated with ammonium. The latter may have toxic effects, while urea-treated plants seem to suffer from nitrogen deficiency. Indeed, it is widely accepted that, in most higher plants, excessive ammonium is toxic (Britto and Kronzucker, 2002) . This fact has been related to the accumulation of NH 4 + in plant tissues, leading to its rapid assimilation into the amino acid glutamate by the glutamine synthetase/glutamate synthase pathway (Lea and Miflin, 1974) . At the site of NH 4 + uptake rate (AS treatment; Fig. 5A ), the results showed lower ammonium uptake rates after 24 h and 72 h of treatment, when compared with nitrate-fed plants. This is correlated with the down-regulation of BnAMT1.1 in the roots when plants were shifted from nitrogen-deficient to nitrogen-sufficient nitrogen conditions (Fig,  5D ). AtAMT1.1 encodes for the major ammonium high-affinity transport system, and it is generally repressed under nitrogen sufficiency . Hence, a rapid decrease of its relative expression (Fig. 5D ) may lead to a decrease in ammonium uptake capacities to avoid cellular toxicity (Britto and Kronzucker, 2002) . GDH may play a major role in keeping the NH 4 + levels in the cytoplasm below toxicity (Tercé-Laforgue et al., 2004) , and could operate via amination. It has been established in vivo that GDH1 solely deaminates glutamate (Purnell and Botella, 2007) , while GDH2 exhibits strong deaminating activity and only very low aminating activity (Skopelitis et al., 2007) . Recently, a transcriptomic analysis of Arabidopsis roots supplied with nitrate or ammonium showed that GDH2 was specifically induced by ammonium (Patterson et al., 2010) . Correspondingly, in the long term (15 d), a strong up-regulation of root and shoot BnGDH2 was observed in AS-treated plants (30-fold and 6-fold, respectively; Fig. 6A, B) . Taken together, we hypothesize that the induction of this gene is a response to the externally provided NH 4 + , preventing its accumulation. The higher expression of BnGDH2 in roots (by 5-fold) than in shoots suggests that the roots are the main NH 4 + assimilatory organ in oilseed rape. By comparison with the nitrate treatment, plants grown on AS are characterized by root growth inhibition (Fig. 4A) . Li et al. (2010) showed that NH 4 + supplied to roots in Arabidopsis affects cell elongation, and that growth inhibition was associated with NH 4 + efflux in the elongation root zone. Other studies have also proposed that the auxin signal is involved in NH 4 + toxicity leading to growth inhibition (Cao et al., 1993) . Thus, induction of BnNRT1.1 by AS (Fig. 5B) , which was unexpected at first glance, makes an interesting parallel with the recent demonstration of auxin influx facilitation by NRT1.1 (Krouk et al., 2010) .
As for ammonium-fed plants, it has been reported that nitrogen nutrition based on urea leads to reduced growth because of its accumulation in toxic amounts, causing subsequently leaf-tip necrosis (Krogmeier et al., 1989) . Also, compared with plants receiving nitrate or ammonium-nitrate, plants receiving urea as the sole N source are characterized by symptoms of N-starvation (Merigout et al., 2008) . The low N-urea content in the plant (Fig. 4B) and a drastic reduction of its uptake rate (Fig. 5A) , confirms the hypothesis of a nitrogen deficiency in oilseed rape. The molecular reason for the inefficient use of urea by plants remains unclear but the extremely low urea uptake rate that was measured may be the reason. However, analysis of BnDUR3 expression in roots gave some interesting results with regard to urea uptake (Fig. 5E) . In a similar way to that of AtAMT1.1, BnDUR3 was expressed at a high level in N-deficient roots (Fig. 5E ). Because it has been shown that re-supply of urea to nitrogen-deficient roots strongly increased the level of BnDUR3 transcripts, suggesting a substrate-inducible transport system (Kojima et al., 2007) , it cannot be excluded that under our conditions, BnDUR3 expression was induced by the endogenous urea accumulation that occurred in N-starved plants. Otherwise, this gene tends to retain the same pattern of expression as under nitrogen-deficient conditions when plants were re-supplied with urea for 72 h (Fig. 5E) . Hence, having observed a very low urea uptake rate (Fig. 5A) , it is suggested that such gene expression patterns indicated that BnDUR3 is a component of the stress response to nitrogen-deficiency in rapeseed. The low-affinity transport systems may also contribute to ammonium or urea uptake since N was supplied in the millimolar range. Future characterizations of these transport systems would be of great interest.
Nitrate corrects the negative effect of urea-and ammonium-fed plants
Many studies have reported that the negative effects associated with NH 4 + and urea nutrition are corrected by the presence of nitrate in the growth medium (Britto and Kronzucker, 2002; Garnica et al., 2009) . Compared with ammonium-and urea-fed plants, the presence of nitrate along with NH 4 + (AN) and urea (NU) increases the N-uptake by 1.2-fold and 9-fold, respectively (Fig. 4B) , and therefore restores the growth of oilseed rape (Fig. 4A) . However, enhancement of NH 4 + and urea uptake by NO 3 -was not observed (Fig. 4C ). This finding is contrary to the results reported by Garnica et al. (2009) , who showed a significant enhancement of NH 4 + and urea uptake in wheat by NO 3 -supply. Indeed, in such mixed strategies of nutrition (AN and NU), oilseed rape preferentially takes up NO 3 -, and this is shown especially in the case of NU treatment, where 91% of N is derived from nitrate, in contrast to 54% in the case of AN treatment (Fig. 4C ). This may be partly related to the nitrophilic character of Brassicaceae. Lainé et al. (1993) reported that the peak rate of nitrate uptake is higher in many Brassicaceae than in many other crop plants (e.g. members of the Poaceae and Legumineae). Also, these results are closely correlated with the expression pattern of BnNRT1.1 and BnNRT2.1 genes, which are significantly up-regulated in AN-and NU-fed plants (Fig. 5B, C) , and especially in the case of BnNRT1.1 (Fig. 5B) . On the other hand, we also observed that the presence of NH 4 + or urea greatly delayed NO 3 -uptake (Fig. 4B, 4C ). This result was expected, since it has been described by many authors in various plant species (Criddle et al., 1988; Kronzucker et al., 1999; Garnica et al., 2009) , and this could be attributed to the down-regulation of BnNRT2.1 by urea and ammonium (Fig. 5C) , and BnNRT1.1 by urea only (Fig. 5B) . In summary, the results indicate that the beneficial effect of nitrate in the development of plants fed with ammonium or urea seems to be related to the nutritional character of nitrate. The increase in root growth observed in the mixed nutrition should also be a specific effect of nitrate, which involves the NRT1.1 gene ( Fig. 5B ; Krouk et al., 2010) . However, effects on the flow of ammonium and urea assimilation should not be excluded.
Nitrate as a signal molecule
Nitrate is not only the main nitrogen source for plant nutrition but it also plays a major role as a signal molecule modulating plant metabolism and growth (Crawford, 1995) . Our results showed a strong but expected induction of the BnNRT1.1 and BnNRT2.1 genes when ammonium (AS) and urea (U)-plants received NO 3 -pulses (Fig. 7C, 7D ), confirming the efficiency of the low concentration of nitrate provided as a pulse (150 nM). NRT1.1 is considered as a dual affinity nitrate transporter, belonging to both the HATS and LATS (Liu et al., 1999) and dual affinity nitrate sensor, depending on its phosphorylation (Liu and Tsay, 2003) . Therefore, Ho et al. (2009) demonstrated that the sensing function of NRT1.1 may be separate from its NO 3 -transport activity. Indeed, it has been established that NRT1.1 is involved not only in transporting nitrate, but also facilitates uptake of auxin, and favours its basipetal transport in lateral roots, at low nitrate availability (Krouk et al., 2010) . Surprisingly, BnDUR3 expression also seems to be sensitive to extremely low concentrations of NO 3 - (Fig. 7E ). This suggests another additional role for nitrate as a signal. Our results show no effect of nitrate pulsing on ammonium or urea uptake (Fig. 7A, B) .
From controlled conditions to the field: any significant uptake of urea?
Such a differential in the experimental designs used in this study (hydroponics versus field lysimeter), provides results that, at first glance, appear to have possible discrepancies. Indeed, results from the hydroponic experiments provide elements of knowledge on urea uptake without soil and/or microorganism interference. On the other hand, the use of hydroponic devices with the isotopic labelling of urea give a gross access to N uptake whatever the form taken up resulting from biotic or abiotic transformations. Thus, from the hydroponic experiments it can be postulated that urea uptake does not contribute significantly to the N nutrition of a nitrophilic species such as Brassica napus L. because of an extremely low uptake rate potential, which triggers symptoms of N deficiency for urea-fed plants (reduced growth, up-regulation of AMT1 and DUR3 genes). However, urea fertilization in the field combined with a urease inhibitor provide the best FUE with the lowest N volatilization, which means that microbial hydrolysis of urea, even when reduced, is sufficient to deliver nitrate and ammonium for plant N uptake, as it can be postulated that urea itself is not significantly taken up, and contributes, at least indirectly, to the N nutrition of oilseed rape.
It has been shown that the supply of urease inhibitor may have phytotoxic effects, since NBPT or phenylphosphorodiamidate (PPD; Arkoun et al., 2012) can interact with plant metabolism. However, it must be pointed out that these previous works were conducted in hydroponic conditions under which the contact of the roots with the urease inhibitor was permanent and with fairly high and constant concentrations. However, in the presence of soil, this effect may be only transitory , and under our lysimeter conditions, the benefits of NBPT-reducing ammonia volatilization and increasing N-urea uptake would appear to far outweigh any observed short-term modification in nitrogen metabolism.
Conclusion
The contribution of different mineral N fertilizers to yield or N-use efficiency of oilseed rape is of special importance. Overall, ammonium sulphate fertilization showed the worst effects, with a reduction in growth and increased volatilization leading to lower N availability while nitrate ammonium or urea fertilization provided improvements in these parameters. The addition of NBPT with urea, a widely used urease inhibitor, restricted N volatilization and, as a consequence, promoted a higher soil immobilization. However, in hydroponic conditions, urea-grown plants showed a strong reduction in their growth compared with nitrate supply alone, and this reduction was higher than with ammonium sulphate. This could be due to N deficiency effects resulting from very low urea uptake rates rather than to urea or ammonium derived toxicity per se as illustrated by the fact that BnGDH2 (potentially involved in ammonium detoxification), which was strongly up-regulated with ammonium sulphate nutrition, was not affected in urea-grown plants. Moreover, the expression of both BnAMT1.1 and BnDUR3, encoding ammonium and urea transporters, was up-regulated by N starvation as well as by urea nutrition, the latter being sensitive to nitrate, which acts as a signal to BnNRT1.1 and BnNRT2.1 expression in a similar way. Overall, the results suggest that urea is not taken up in the field at a significant level, even in the presence of a urease inhibitor, however, this does not negatively affect the improved fertilizer use efficiency resulting from delayed microbial hydrolysis of urea.
